ABSTRACf: The processof pyridineand n-butylamine adsorption anddesorption at a pyrogenic aluminium oxide surface has been studied using IR spectroscopy. It has been found that both Lewis and Bronsted acid centres are present on an Alp) surface annealedin vacuumat 200"C, with coordination-bonded water possessing stronger proton-donor properties than hydroxy groups. Dehydroxylation of the surface gave rise to new types of strong electron-acceptor centres. The surface hydroxy groups did not exhibit acidic propertiesat room temperatureand formed a hydrogenbond with pyridine, whilst for desorptionat elevatedtemperatures the IR bandsobservedindicatedthe formation of a pyridinium ion, i.e. proton transport to the adsorbed base became possible.
INTRODUCTION
The acidity of Lewis and Bronsted centres on a surface is an important indicator of the catalytic and sorption activity of aluminium oxide. Numerous works (see, for example, Knozinger and Ratnasamy 1978; Peri and Hannan 1960; Lysenko et 01. 1986; Little 1965; Van Veen 1988) have attempted to throw light on the nature and origin of these centres. Lewis acid centres of different strength have been shown to exist on the aluminium oxide surface and to playa primary role in a number of catalytic processes (Irvine et 01. 1980; Baumgarten et of. 1982) . The presence of protondonor centres at the surface substantially extends the application of aluminium oxide, in particular to such reactions as cracking, isomerization, polymerization and others. The presence of Bronsted centres on a y-AIP, surface has not been established as definitely as in the case of Lewis centres.
Meanwhile, the proton-donor centre concentration and activity are known (Kiselev and Krylov 1978) to be determined by the activity of the electron-acceptor centres which, in turn, depends on the acceptor atom coordination number, the degree of hydration and deformation of the oxide subsurface region. The latter depends primarily on the material preparation technique employed. This fact is probably one of the basic reasons for the contradictions found in the literature regarding the presence (Dewing et al. 1976; Dunken et 01. 1966) or absence (Topchieva and Moskowskay 1958) of Bronsted acid centres on the aluminium oxide surface.
In this connection, pyrogenic aluminium oxide is of interest due to its non-porosity, purity, the small size of its particles and the high defect concentration in its surface structure and, consequently, its high chemical activity. It was shown earlier (Sharanda et 01. 1995) respect to n-butylamine). It is clear that not only the amount of surface active centres but also their nature and strength predetermine the catalytic and adsorption properties. Hence, valuable information may be obtained by studying the IR spectra of some bases which are sensitive towards interaction with various acid centres. In particular, the adsorption of bases of different strength enables one to distinguish complexes with Lewis and Bronsted centres as well as to estimate their strength from the shift of the characteristic frequencies of the adsorbed molecule in the IR spectra. Information about the nature of the oxide may become more complete if the thermal stability of the surface complexes formed is studied. This should allow not only the strength of the acid centres to be estimated but also reveal changes in the donor-acceptor properties of the surface over the temperature range employed for catalytic reactions.
The present work was undertaken to establish the nature and strength of pyrogenic y-aluminium oxide acid centres for various degrees of surface dehydration. For this purpose, the processes of adsorption and thermal desorption of different strength bases (pyridine, p~= 8.75; n-butylamine, pK h =3.38) on aluminium oxide, annealed in vacuum at 200°C, 600°C and 800°C, were studied using IR spectroscopic techniques.
EXPERIMENTAL
Non-porous pyrogenic aluminium oxide possessing 10-50 nm size particles (SBET = 140 m 2/g), prepared by the hydrolysis of aluminium chloride in a hydrogen/oxygen flame, was studied. The aluminium oxide was initially calcined in air for 8 h at 600°C to remove all pollutants and impurities, and then aged with water in a desiccator for 24 h. Pyridine and n-butylamine samples were dried, distilled and sealed in ampoules.
Approximately 20 g of aluminium oxide was pressed to produce a plate of dimensions 8 x 25 mm. This plate was mounted in a quartz cell with an NaCI window and annealed for 2 h at a given temperature in a vacuum of I x 10-2 Pa. The surface treatment temperatures were as follows: 200°C (sample S200' containing coordination-bonded water on the surface), 600°C (sample Sfi(J()' with a completely dehydrated surface), 800"C (sample S800' with a partially dehydroxylated surface). After annealing in vacuum, each sample was cooled down to 20°C and the cell connected with the ampoule containing the amine. The sample was maintained in contact with the basesaturated vapour for I h and then the amine was desorbed in vacuum by raising the temperature in a stepwise manner, with each step being 100°C, over the temperature range 20-500°C. Each desorption act was followed by measurement of the IR spectrum of the molecules adsorbed at the Alp, surface using an IKS-29 spectrophotometer.
RESULTS

Adsorption of pyridine on aluminium oxide
Adsorption/desorption of pyridine at an AlP3 surface annealed in vacuum at 200°C
The adsorption of pyridine at a surface annealed at 200°C leads to a shift in the position of the absorption bands belonging to the hydroxy groups and coordination-bonded water as well as to the appearance of a wide band centred at 3470 em:' ( Figure I , curve 2). In addition, as a result of pyridine bonding with hydroxy groups, several absorption bands corresponding to OH... N vibrationsappear in the 3000-3160 em" regionof the spectrum.The intenseabsorptionbands at 1435 cm' and 1576 em:' in the deformation vibration region also provide evidence in favour of hydrogen- bond formation with the surface (Pichat et al. 1969) . Absorption bands at 1590, 1610 and 1490 em:', which are typical for coordination-bonded pyridine (Kirina et al. 1973) , were also found. According to Pichat et al. (1969) , the generation of the band at 1225 ern:' results from changes in the symmetry of the pyridine molecule due to the formation of an N-.AI bond between nitrogen and the surface aluminium atoms. The presence of absorption bands at 1545 cm' and 1560 cm' in the spectrum is an indication of pyridine bonded with proton centres (Parry 1963; Pichat et al. 1969) .
As the sample treatment temperature increased, a number of absorption bands corresponding to pyridine adsorbed at Lewis acid centres emerged, i.e, at 1450, 1460 and 1480 em:'. Desorption at elevated temperatures ( Figure 1 , curves 3-5) was also accompanied by an increase in the intensity of the band at 1490 em:' attributed to pyridine bonded with Lewis and Bronsted acid centres, as well as the intensity of the bands at 1545 em:' and 1560 em:'. , that annealed at 6000e did not exhibit absorption bands typical for pyridine bonding with Bronsted centres. However, as the desorption temperature was increased up to 400 o e,absorption bands at 1545 em" and 1560 crn' were revealed in the spectrum.
Adsorption/desorption ofpyridine at an Al z03 surface annealed in vacuum at
These are associated with the formation of a pyridinium ion, i.e. PyW. At the same temperature, a reduction in the intensity ofthe absorption band at 1450 em:' and the creation of bands at 1460 cm' and 1480 crrr' corresponding to pyridine adsorbed at Lewis acid centres were observed.
Adso~ption/desorption ofpyridine at an AIP3 surface annealed in vacuum at BOOoe
The changes in the spectrum observed in the hydroxy group vibration region as a result of the adsorption and desorption of pyridine were similar to those for the 8 600 sample (Figure 3 , curves 2-4). However, the thermal stability of OH.-N vibrations was lower than for the previous sample, and the initial spectrum corresponding to hydroxy group vibrations was restored at 300°C. As a result of pyridine interaction with Lewis centres, stronger absorption bands were observed at 1450, 1490, 1575, 1590, 1610 and 1225 em:', respectively. Treatment in vacuum at 300 Wavenumber (cm-1 ) 1500 1200
Figure3. IR spectraof pyridineadsorbed on a y-A1,O, surface: curve I, AI,O,annealedin vacuumat 800"C; curves 2-6. the same sample after pyridine adsorption and desorption at room temperature, 2()(Y'C, 3()(Y'C, 400"C and 5()(Y'C, respectively.
The Nature of Acid Centres on a Pyrogenic y-Allllninillm Oxide Surface
Adsorption of n-butylamine on aluminium oxide
Adsorption/desorption of n-butylamine at an Al 203 surface annealed in vacuum at 200°C
153
The adsorption of n-butylamine at an aluminium oxide surface leads to a shift in the frequency of the hydroxy group vibrations and to the generation of a wide absorption band centred at 3500 cm' (Figure 4 , curve 2). In the N-H vibration region, the three wide bands at 3335,3250 and 3145 em:' were observed. The first of these may be attributed (Tarasevich 1971) to the N-H vibrations of adsorbed n-butylamine molecules excited by hydrogen bonding either with the surface or with each other. The other two, lower frequency absorption bands are associated with the vibrations of n-butylamine coordinated by a cation and simultaneously involved in hydrogen bonding with the surface. In the deformation vibration region absorption bands at 1595,1460 and 1385 cm' emerge, the first being associated with N-H vibrations while the latter two are linked with the C-H vibrations of n-butylamine bonded with Lewis acid centres (Morimoto et al. 1974) . According to these workers, a typical indication of the formation of a butylammonium ion at the surface as a result of n-butylamine adsorption is the generation of symmetric and anti-symmetric vibrations of the BuNH; ion in the 1550-1504 ern:' and 1600-1575 cm' spectral regions, respectively. However, the absorption bands at 1550-1504 em:' are usually employed to identify the butylammonium ion since they are in a region which is independent of N-H deformation vibrations. The presence of the bands at 1504, 1530 and 1545 cm' in the spectrum of adsorbed n-butylamine is an indication of the presence of proton-donor centres on the pyrogenic aluminium oxide surface. These absorption bands disappear at temperatures of ca. 300°C (Figure 4 , curve 5). It should be also noted that as the desorption temperature was increased, the absorption band at 1595 em:' for n-butylamine adsorbed at Lewis acid centres was shifted towards the lower frequency range, i.e. to 1580 em-I, in agreement with the results of Morimoto et al. (1974) , while the absorption band at 1460 em:' was gradually shifted towards the higher frequency range, i.e. to 1480 em:' (Figure 4 , curves 3-7).
Adsorption/desorption of n-butylamine at an AIP.I surface annealed in vacuum at 600°C
The aluminium oxide hydroxy group vibrations undergo perturbations during the process of n-butylamine adsorption; the v(OH) band is shifted and a new wide absorption band arises at 3530 em:' ( Figure 5 , curve 2). During desorption at 300°C, the initial spectrum corresponding to hydroxy group vibrations at the aluminium oxide surface is observed ( Figure 5 , curve 5). Absorption bands at 1595, 1465 and 1385 em:' were observed in the deformation vibration region, similar to the situation with the S21Xl sample. These are characteristic of n-butylamine bonded with Lewis acid centres. As the desorption temperature was increased ( Figure 5, curves 3-7) , absorption bands at 1480 cm-I and 1490 cm' were generated while the band at 1595 cm' shifted towards the lower frequency range, i.e. to 1575 em:'. Absorption bands at 1545, 1535 and 1504 em:' were also detected in the spectrum. These are associated with the symmetric vibrations of the BuNH; ion and provide evidence for the proton-donor properties of the aluminium oxide surface. However, the thermal stability of these bands was lower than for the S200 sample and they were not detectable at a desorption temperature of 200°C ( Figure 5, curve 4) . Wavenumber (cm-1 ) 3600 3900 Figure 5 . IR spectra of n-butylamine adsorbed on a y-Alp; surface: curve I. Alp; annealed in vacuum at 600"C: curves 2-7. the same sample after n-butylamine adsorption and desorption at room temperature. lOO"C. 200"C, 300"C, 400"C and 50(J'C. respectively.
Adsorption/desorption of n-butylamine at an Al 2 0 J surface annealed in vacuum at 800°C
The changes in the spectrum of adsorbed n-butylamine observed in the vibrational region for O-H, N-H and C-H groups were similar to those obtained for the S600 sample ( Figure 6 , curves 2-4). The initial spectrum of hydroxy groups of the aluminium oxide surface was perceptible at 300°C, although the bands of the hydroxy groups were of greater intensity (Figure 6, curve 5 ). This observation suggests that a dissociative n-butylamine adsorption at the sample surface is possible. In addition, in the deformation vibration region, the spectrum of n-butylamine adsorbed at the surface of the SROO sample was slightly different from those for the S200 and S600 samples. Hence, a band at 1495 crn' is generated in the spectrum of n-butylamine ( Figure 6 , curve 2) similar to that which emerged in the spectra of other samples during the process of desorption at elevated temperatures. The intensity of this band increased as the desorption temperature increased, while the intensity of the band at 1465 cm-I decreased simultaneously. No absorption bands corresponding to n-butylamine bonding with Bronsted centres were found.
DISCUSSION
An analysis of the results obtained leads to the conclusion that both Lewis and Bronsted acid centres are present on an aluminium oxide surface. Surface hydroxy groups as well as coordinationbonded water are sometimes known to play the role of the Bronsted centres (Kiselev and Krylov 1978) . Our studies of the hydrate and hydroxy coating of pyrogenic Y-AIP3 have revealed the quite high thermal stability of coordination-bonded water at the surface. This feature differs from that observed with aluminium oxide studied by means of other techniques when the water could be removed at 300°C (Ignateva et al. 1968) and at 400°C (Peri and Hannan 1960). More detailed data relating to this problem will be published later. However, as seen even from the results presented here (Figure 2, curves 1 and 2) , it was necessary to use thermal treatment at 600°C to obtain a completely dehydrated surface. For this reason, the S600 sample did not contain coordination-bonded water although the presence of absorption bands at 1545, 1530 and 1504 em:' in the spectrum of n-butylamine adsorbed on the surface of the S600 sample provided unambiguous evidence that several types of hydroxy groups which exhibit proton-donor properties exist at the pyrogenic oxide surface. However, these centres are so weak that they can only be observed in the interaction of the surface with a strong base such as n-butylamine and not with pyridine. If coordination-bonded water is present at the surface (as with the S200 sample), absorption bands corresponding to the Bronsted acid centres may be observed on interaction with both n-butylamine and pyridine. This fact, together with the higher thermal stability of the butylammonium surface complex on the S!oo sample, demonstrates that coordination-bonded water provides a stronger proton-donor centre than surface hydroxy groups.
The second type of acid centres which are decisive in adsorption and catalytic processes include Lewis acid centres. Pyridine and n-butylamine have been found to form complexes with these centres regardless of the degree of surface hydration: In other words, coordination-bonded water which itself is quite a strong Bronsted centre does not create an obstacle to the interaction of a coordination-unsaturated aluminium atom with electron-donor molecules. Increases in the intensity of absorption bands at 1610, 1590, 1450 and 1225 em:', respectively, for pyridine and at 1595, 1465 and 1380 cm', respectively, for n-butylamine in the sample series S200' S600 and SROO show that an increase in the degree of dehydration and dehydroxylation of the surface leads to an increase in the Lewis acid centre concentration. The emergence of a complete series of absorption bands at . IR spectra of n-butylamine adsorbed on a y-Alp, surface: curve I. Alp, annealed in vacuum at 800"C; curves 2-7. the same sample after n-butylamine adsorption and desorption at room temperature, lOO"C, 200"C, 300"C. 400"C and 500"C. respectively, tively, for n-butylamine as a result of the thermal desorption of bases leads to the conclusion that several types of Lewis acid centres existed on the surface of the oxide studied, these centres differing in strength and probably in their chemisorption and catalytic properties. Dehydroxylation of the surface (as occurred with the S800 sample) led to the creation of a new type of Lewis acid centre, whose existence was revealed by the absorption band at 1495 em:' in the spectrum of adsorbed n-butylamine. These centres are likely to possess a higher polarization ability, i.e. they should be capable of removing the non-separable electron pair of a nitrogen atom and, hence, the vibrational band of the C-H group in n-butylamine is shifted to the high-frequency region. It is also noteworthy that pyridine and n-butylamine complexes bonded with the Lewis acid centres have a high thermal stability and remain attached to the surface even after annealing the sample in vacuum at 500°C.
The formation of the pyridinium ion during the thermal desorption of pyridine from the surfaces of the Sf,()() and S800 samples was somewhat surprising. This result is likely to be accounted for by the increase in the acidic properties of the aluminium oxide surface studied as the temperature increased. Similar results have been reported by other workers (Zhanpeisov et al. 1987; Paukshtis et al. 1977) , but with aluminium silicates and zeolites which possess strong Bronsted centres. The maximum intensity of the bands at 1545 em:' and 1560 cm' for the pyridinium ion formed was observed at 4000C. Since a pyridine complex hydrogen bonded with surface hydroxy groups is created at room temperature, it may be assumed that the D-H bond dissociates with increasing temperature and that, in turn, a proton is transported to the adsorbed base followed by the formation of the pyridinium ion PyW. Zhanpeisov et al. (1987) have mentioned that in such an elementary act of transport to an adsorbed molecule, not only proton-donor but also base centres on the surface are involved. It was shown earlier (Sharanda et al. 1995) that base centres are present on the aluminium oxide surface and that their amount increases substantially at temperatures above 600°C. Hence, the formation of additional bonds between a pyridine ring system and these centres may well occur as for the case of aluminium silicates. The very fact that the pyridinium ion PyH+ forms within the temperature range employed for catalytic reactions suggests that the hydroxy groups on the surface of pyrogenic aluminium oxide may be involved in chemical reactions which include proton transport, and that this is of primary importance in catalysis.
CONCLUSIONS
The results obtained in the present work lead to the following conclusions:
I. Bronsted acid centres on a pyrogenic aluminium oxide surface consist of both hydroxy groups and coordination-bonded water. Several types of hydroxy groups possess proton-donor properties but all of them are very weak. Coordination-bonded water provides a stronger Bronsted acid centre. 2. Regardless of the degree of surface dehydration, Lewis acid centres form complexes with electron-donor molecules. Dehydration and dehydroxylation of an AlP3 surface gives rise to new types of strong Lewis acid centres. 3. Hydroxy groups do not exhibit acidic properties at room temperature and form a hydrogen bond with pyridine. However, with increasing desorption temperature, proton transport to the adsorbed base becomes possible, i.e. the proton-donor properties increase.
